The CCAAT-binding complex in Aspergillus species, known as the Hap complex, consists of at least three subunits, HapB, HapC, and HapE. Each Hap subunit contains an evolutionarily conserved core domain. In this study, a series of the truncated gene, which encodes the HapE subunit of Aspergillus oryzae, was constructed to survey the regions essential for the transcriptional enhancement of fungal genes. It was revealed that the non-conserved regions and the conserved region similar to the Hap4p recruiting domain of Saccharomyces cerevisiae were not necessary for Hap complex-mediated transcriptional enhancement.
The CCAAT sequence is one of the most common cis-elements present in the promoter region of numerous eukaryotic genes. In a statistical analysis of over 500 promoters, the CCAAT sequence was one of many ubiquitous elements, and it is present in approximately 30% of eukaryotic promoters. 1) In filamentous fungi, the CCAAT sequence has been shown to modulate the expression of many genes, such as the A. oryzae Takaamylase A gene (taa), the A. nidulans acetamidase gene (amdS), and the penicillin biosynthesis genes. [2] [3] [4] Filamentous fungal CCAAT-binding proteins, homologs of yeast Hap complex and nuclear factor Y (NF-Y), also called CCAAT-binding factor (CBF), of higher eukaryotes, have also been characterized. The Hap/CBF/ NFY complex is minimally composed of three subunits: HapB in filamentous fungi (Hap2p in yeast, NF-YA/ CBF-B in mammals), HapC (Hap3p, NF-YB/CBF-A), and HapE (Hap5p, NF-YC/CBF-C). Previously we cloned and sequenced the A. oryzae homologs for three subunit genes, AohapB, AohapC, and AohapE. 5, 6) They exhibited high homology (82-95%) to the corresponding A. nidulans subunits. Furthermore, the three genes has been found to be functionally interchangeable with their counterparts in A. nidulans.
The N-terminal region of NF-YA and the C-terminal region of NF-YC have been proven to be required for transcriptional activation, as assessed by both in vitro transcription systems with recombinant proteins and transfections of mammalian cells with the LexA and GAL4 fusion genes. 7, 8) These activation domains are rich in glutamine and hydrophobic amino acid residues and show amino acid sequence similarities with each other and with the glutamine-rich activation domain of transcription factor Sp1. 9) In S. cerevisiae, the Hap2p/ 3p/5p subunits have no glutamine-rich domains. But an additional subunit, Hap4p, has a highly acidic Cterminal region, which has been suggested to function through interaction with the Hap2p/3p/5p trimer. In filamentous fungi, none of the Hap subunits contains obvious glutamine-rich domains. At the N-terminus of the conserved core region, S. cerevisiae Hap5p contains a domain involved in recruiting the Hap4p subunit to the Hap2p/3p/5p complex. 10) This domain, known as the Hap4p-recruiting domain is conserved among the HapE homologs of yeast and filamentous fungi, as mentioned in previous reports. Although the Hap4p-recruiting domain is conserved among the HapE/Hap5p subunits, no homologs of Hap4p have been identified in lower eukaryotes, except for K. lactis 11) and some species closely related to S. cerevisiae.
12) The facts described thus far prompted us to investigate the functions of the putative Hap4p-recruiting domain in the HapE subunit in filamentous fungi. At the same time, we intended to examine the functions of the non-conserved domains.
In this study, we focused on the HapE subunit, constructed a series of the truncated genes encoding HapE, and surveyed the regions in the subunit involved in transcriptional enhancement of the fungal genes.
Since we had already shown that A. oryzae HapE is functionally interchangeable with A. nidulans HapE, 6) we constructed a series of the truncated genes of A. oryzae HapE and introduced them into the A. nidulans hapE deletion strain.
Materials and Methods
Strains, media, and transformation. A. nidulans KUE43 (biA1 pyrG89; wA3; argB2; pyroA4; ÁhapE::argB) was obtained by a sexual cross using MH9092 (yA1, pabaA1; amdS368 argB2; amdA7; ÁhapE::argB) 13) transformed with pCAME3M-AohapE 5) and ABPU1 (biA1 pyrG89; wA3; argB2; pyroA4) 14) as parent strains. E. coli: XL1-Blue MRA(P2) (Stratagene, La Jolla, CA) was used for DNA manipulation. The plasmids pBluescriptIIKS+ 15) and pT7Blue-T (Merck KGaA, Darmstadt, Germany) were used to subclone various DNA fragments. A. nidulans protoplasts were prepared from mycelial cells using lysing enzyme (Sigma-Aldrich, St. Louis, MO) and were transformed as described by Ballance and Turner. 16) Construction of plasmids carrying truncated hapE genes and introduction into the hapE deletion strain. Plasmids used for expression of HapE and its derivatives in A. nidulans (pCAME3M-hapE series) were constructed using the oligonucleotides listed in Table 1 , as follows: Construction of pCAME3M-hapE-Full: Primers, HapE-start and HapE-stop, were used to amplify the entire AohapE fragment with pT7blue-AohapE 6) as a template, followed by digestion with BglII and SalI, and inserted to the corresponding sites of pCAME3M. Construction of pCAME3M-hapEdC, pCAME3M-hapEdNdC, pCAME3M-hapEdN, and pCAME3M-hapEdNdA: These plasmids were constructed essentially in the same way as pCAME3M-hapE-Full, except for the primers. Primers, HapE-start and HapE-CRV, HapE-LC and HapE-CRV, HapE-LC and HapE-stop, and HapE-CM4 and HapE stop were used for pCAME3M-AohapEdC, pCAME3M-hapEdNdC, pCAME3M-hapEdN, and pCAME3M-hapEdNdA respectively. A. nidulans KUE43 (biA1 pyrG89; wA3; argB2; pyroA4; hapE::argB) was transformed with pTG-Taa carrying the taa gene and the Neurospora crassa pyr4 gene as a marker. The resulting transformant was used as a host for the expression plasmids for HapE variants. Plasmids (pCAME3M-hapE series) were co-introduced into the corresponding hap deletion strains with pAUR316 carrying the aureobasidin A-resistance gene 17) to construct the CAME-HapE series.
Other methods. Activity staining of endo--1,4-glucanase was done using carboxymethylcellulose as a substrate, as described previously. 18) Nucleotide sequences were determined by the dideoxy nucleotide chain-termination method 19) with a DNA sequencer (Li-Cor 4000L).
Results and Discussion
Introduction of the truncated hapE genes into the hapE deletion strain Among HapE homologs, there are two categories of conserved regions. One is the region conserved among all eukaryotic homologs reported thus far ( Fig. 1A ; conserved region B). The other is at the N-terminus of the conserved region B ( Fig. 1A ; conserved region A), and is conserved only among the HapE homologs of yeast and filamentous fungi. This region has been reported to be essential for S. cerevisiae Hap4p recruitment. 10) To examine the in vivo function of conserved region A and survey functional domains in the nonconserved regions, we constructed several genes that coded for truncated A. oryzae HapE subunits, as shown in Fig. 1B . All the truncated hapE genes were introduced into the hapE deletion strain of A. nidulans to construct a series of transformants (the CAME-HapE series). The deletion endpoints were designed to correspond to the boundaries between the conserved and non-conserved regions. The copy numbers of the hapE derivatives were estimated by Southern blot analysis. Transformants with essentially the same copy number were selected to use in further experiments. To confirm the expression of the constructs, we carried out a DNA binding experiment with cell extracts from the transformants, indicating that all the products were expressed and possessed ability to form the CCAAT-box binding complex (Fig. 2) .
Effects of truncation of HapE on growth of the truncation mutants
It is known that the deletion mutant of the hap subunit gene has a slow growth phenotype. 13) Since the promoter used in the expression vector is from the amylase gene, the gene to be expressed is induced by starch and repressed by glucose. Introduction of the gene coding for full-length HapE significantly recovered the slow growth phenotype under conditions in which starch was present. 6) With regard to non-inducible carbon sources, the strain introduced with full-length HapE grew on lactate, indicating that a sufficient amount of the gene product was produced under non-inducible conditions. Furthermore, even under repressive conditions, viz., in the presence of glucose, growth was recovered to a certain extent (Fig. 3 , column HapE-Full). Deletion of the C-terminal non-conserved region slightly decreased growth under all the tested conditions (Fig. 3 , columns HapE-ÁC and HapE-ÁNÁC). Although the reason for this is unclear at present, there is a possibility that the Hap complex regulates some genes that are involved in growth rate. With regard to the N-terminal nonconserved region and conserved region A, the growth of CAME-HapE-ÁN and CAME-HapE-ÁNÁA was almost the same as that of CAME-HapE-Full under all the tested conditions. The result, which shows that a mutant missing the conserved region A can grow on a non-fermentable carbon source, was completely different from the result with S. cerevisiae Hap5p. 10) In S. cerevisiae, certain genes involved in oxidative phosphorylation are regulated by Hap4p, which is recruited to the Hap2p/3p/5p complex, with the aid of the conserved region A. Saccharomyces cerevisiae hap mutants are not viable on non-fermentable carbon sources, while the A. nidulans hap deletion mutants are viable, although their growth is very poor (Fig. 3) . 10) This result suggests that the function of Aspergillus Hap 
Alignment of the amino acid sequence of AoHapE and those of HapE homologs (A). Closed boxes denote the highly conserved regions among eukaryotes (conserved region B). Gray boxes denote the conserved region only among lower eukaryotes (conserved region A). The accession number of each HapE homologue is as follows:
A. oryzae HapE (Ao), AB010432; A. nidulans HapE (An), U96847; Neurospora crassa Aab1 (Nc), AF026550; S. cerevisiae Hap5p (Sc), U19932; Schizosaccharomyces pombe Php5p (Sp), U88525; Arabidopsis thaliana Hap5a (At), AL133315; mouse NF-YC (Mm), AB006181; human NF-YC (Hs), U78774. Full-length and truncated HapE were expressed in the hapE deletion strain of A. nidulans (B). Structures of the truncated subunits are shown. Bars indicate segments derived from the HapE subunit. The amino acid residues at the truncation positions are numbered from the amino terminus of each subunit.
Fig. 2. Electrophoretic Mobility Shift Assay with Cell-Free Extracts
from Mycelia of the CAME-AoHapE Series. Cell-free extracts were prepared as described previously. 26) Extracts from A. nidulans ABPU1 and KUE43 transformed with pTG-Taa were used as a positive (wild) and a negative (ÁhapE) control, respectively. Extracts from CAME-HapE-Full (HapE-Full), CAME-HapE-ÁC (HapE-ÁC), CAME-HapE-ÁN (HapE-ÁN), CAME-HapE-ÁNÁC (HapE-ÁNÁC), and CAME-HapE-ÁNÁA (HapE-ÁNÁA) were also used. EcoRI-HindIII fragments from pUC-poly20 was used as a probe. 5) The bracket indicates the positions of DNA-protein complexes.
complex might be different from that of Saccharomyces complex with regard to the regulation of genes involved in oxidative phosphorylation.
Effects of truncation of HapE on amylase and endoglucanase activities
In order to examine the abilities of HapE variants in enhancing the transcription of the Taka-amylase A gene (taa), a hapE deletion strain of A. nidulans carrying the taa gene was used as the host. The series of transformants was analyzed for amylase activities (Fig. 4A) . The enzyme activities of the CAME-HapE series, with the exception of CAME-HapEÁNÁC, were almost equivalent to those of CAME-HapE-Full. CAMEHapEÁNÁC produced slightly lower activity than that of the other CAME-HapE variants. It is worth mentioning that the amylase activity of CAME-HapEÁNÁA was as high as that of CAME-HapE-Full. Therefore, the conserved region A of HapE is dispensable in enhancement of taa expression. The effect of truncation of HapE on expression of the A. nidulans endoglucanase A gene (eglA) was further examined, since the taa gene is not an authentic A. nidulans gene (Fig. 4B) . The eglA gene contains two CCAAT sequences in the promoter region, and its expression level is enhanced in a Hap complexdependent manner.
6) Endoglucanase A (EG-A) activity in the Hap subunit disruptants was extremely low as compared with that of the wild-type strain. The introduction of the full-length Hap subunit genes into the corresponding hap disruptants resulted in the restoration of EG-A activity to a level comparable to that of the wild-type strain. In the present study, no significant decrease in either Taka-amylase A or EG-A activity was detected in the mutant in which the conserved region A was deleted, indicating that the Hap4p-like factor might not be required for transcriptional enhancement of the taa and eglA genes. This might be due to the difference between the functions of the S. cerevisiae and Aspergillus Hap complexes. Several lines of evidence support the differential functions of these two complexes: (i) No Hap4p
homologs have yet been found in filamentous fungi. The Hap4p ortholog is not found in the A. nidulans genome database (http://www.broad.mit.edu/annotation/ fungi/aspergillus/). On the other hand, homologs of Hap4p have been identified in the genomes of a number of yeast species. 12) (ii) The yeast Hap2p/3p/4p/5p complex mainly regulates genes involved in respiration, while the Aspergillus Hap complex has been found to enhance the expression of a broader spectrum of genes, such as the genes coding for amylase, acetamidase, and penicillin biosynthesis enzymes. [2] [3] [4] (iii) The yeast Hap2/3/4/5p complex is regarded as a transcriptional activator while the Aspergillus Hap complex is not. Replacement of the CCAAT sequence in the taa promoter with CGTAA decreased gene expression, but the mutant promoter was still starch-dependent. 20, 21) On the other hand, base changes in the binding site of AmyR, the transcriptional activator specific to starch induction, resulted in a significant decrease in promoter activity. 22) Furthermore, transcription of taa was not Fig. 3 . Effects of Truncation of HapE on Growth. Strains ABPU1 (wild), KUE43 transformed with pTG-Taa (ÁhapE), CAME-HapE-Full (HapE-Full), CAME-HapE-ÁC (HapE-ÁC), CAME-HapE-ÁN (HapE-ÁN), CAME-HapE-ÁNÁC (HapE-ÁNÁC), and CAME-HapE-ÁNÁA (HapE-ÁNÁA), were grown at 37 C for 48 h on media containing 1% starch, glucose, or lactate as indicated. The amylase activities of the CAME-HapE series were determined as described in ''Materials and Methods.'' The following strains were used; KUE43 transformed with pTG-Taa (ÁhapE), CAME-HapE-Full (Full), CAME-AoHapE-ÁC (ÁC), CAMEHapE-ÁNÁC (ÁNÁC), CAME-HapE-ÁN (ÁN), and CAMEHapE-ÁNÁA (ÁNÁA). Data represent the average values of three independent transformants, and bars indicate standard errors. The average value of the full-length subunit-producing transformants (Full) was defined as 100. (B) Endo-glucanase activities of CAMEHapE series. For each construct, one of three transformants used in (A) was further analyzed by endo-glucanase activity staining. The arrow indicates the position of endo-glucanase A. Relative activities indicated below the panel of activity staining were quantified from the digital image with an image analysis program, NIH Image 1.63. The value of the full-length subunit-producing transformant was defined as 100. detectable in a ÁamyR background. 23) These findings indicate that Aspergillus Hap complex is not a transcriptional activator but an enhancer-like factor. It has been reported that the Aspergillus Hap complex affects the chromatin structure in vivo. 24) At present, the conformational alteration of the chromatin structure induced by the Hap complex mignt be the most plausible mechanism by which the Hap complex enhances transcription.
These results, however, do not exclude the possibility that a different Hap4p-like factor might exist in filamentous fungi. Previously, we successfully cloned a gene encoding a novel transcriptional activator, HapX, which interacted with the Hap complex. 25) Nevertheless, hapX deletion did not affect the expression of either the taa or the eglA gene. This suggests that there are other factors interacting with the Hap complex to enhance the transcription of subsets of the genes, the expression of which is enhanced by the Hap complex. We are now screening an A. nidulans cDNA library with lexA-hapB, -hapC, and -hapE fusion genes to obtain other factors that interact with the Hap complex and activate gene expression. We have also constructed sets of truncated derivatives of HapC and HapB in order to survey the functional domains in the subunits. Characterization of these is currently underway.
